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Abstract: Polymers from renewable resources have been used for a long time in biomedical applications and found an irreplaceable role in some of them. Their uses have been increasing because of their attractive properties, contributing to the improvement of life quality, mainly in drug release systems and in regenerative medicine. Formulations using natural polymer, nano and microscale particles preparation, composites, blends and chemical modification strategies have been used to improve their properties for clinical application. Although many studies have been carried out with these natural polymers, the way to reach the market is long and only very few of them become commercially available. Vegetable cellulose, bacterial cellulose, chitosan, poly(lactic acid) and starch can be found among the most studied polymers for biological applications, some with several derivatives already established in the market, and others with potential for such. In this scenario this work aims to describe the properties and potential of these renewable polymers for biomedical applications, the routes from the bench to the market, and the perspectives for future developments.
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Nomenclature



	PLLA
	Poly(L-lactic acid)



	PDLA
	Poly(D-lactic acid)



	PDLLA
	Poly(D,L-lactic acid)



	HA
	Hydroxyapatite



	PGA
	Poly(glycolic acid)





1  Introduction

An increasing demand for new biomaterials for application in the health field has been identified in the last few years. New materials for use in regenerative medicine, tissue engineering, cell therapy and drug delivery can improve the treatments and shorten the recovery time, improving the patient life quality. Several polymers are used in the pharmaceutical industry for the preparation of drug delivery systems. These materials are well established in the market and the advances in the field are growing because of the benefits provided by these systems. Materials for permanent or temporary replacement of damaged tissues represent a great demand in the biomedical field, as well those for cell therapy and tissue engineering, however, few products are available in the market. The research for the development of new materials for use in these areas has undergone great progress, however there is much to be explored and improved in search of property improvements [1,2]. The properties of polymers and biomaterials depend on their chemical structure, directly related to their degradation, mechanical behavior, biocompatibility and toxicity of their degradation products [2,3]. In this scenario, this work addresses the main properties and applications of some polymers that have been widely researched and applied in pharmaceutical, biomedical and regenerative medicine. It starts with vegetable cellulose, a natural polymer with well-established function and application in the pharmaceutical industry, followed by bacterial cellulose, a cellulose produced by bacteria, which has been extensively researched in the biomedical field, with some commercial products for health care available in the market. Starch, is also well established commercially for use in the pharmaceutical industry and extensively studied for applications in regenerative. Chitosan, is also extensively studied for biomedical applications, mainly due to its antimicrobial activity, and poly(lactic acid), a biodegradable polymer, mainly used commercially in the health field for the confection of body degradable devices. All these polymers are under development and improvement for practical applications.

2  Renewable Polymers

2.1 Vegetable Cellulose

Cellulose is the primary polymeric component of plant cell walls, abundantly found in the biosphere. Historically, cellulose has played a crucial role in the development of human society, including the crucial uses of paper and textiles in our daily lives. Sophisticated technologies have been employed to modify this polysaccharide in order to enhance its properties and expand its range of applications. In the biomedical and health fields, the pharmaceutical industry, in special, benefits from the products generated in its production chains, ranging from simple derivatives like cotton for personal hygiene to chemically modified derivatives used in advanced drug delivery systems [4,5].

Cellulose is a linear homopolymer composed of D-glucose units, with the repeating basic unit being anhydrocellobiose. This unit is formed by the coupling of two glucose rings, which are connected by β-1,4-glycosidic linkages. In its native state, cellulose consists of a mixture of macromolecules with several chain lengths [5]. The linearity and a large number of free hydroxyl functional groups are responsible for the intra- and intermolecular interactions that impart its unique properties, including its high mechanical strength and the lack of solubility in water [4,5].

In plants, cellulose is associated with lignin and hemicelluloses. For use in the biomedical field and other applications, it is necessary to separate it from these macromolecules, normally using a process known as pulping. Pulping involves a series of chemical and/or mechanical treatments. Pulping is followed by bleaching, refining and drying. The chemical-based steps in this sequence present a challenge in maintaining the morphology and features of cellulose, thereby impacting cellulose fiber properties, including aspects such as opacity, softness, and tear strength [6].

Cellulose has a low cost and is readily available. It is biodegradable in nature because the action of the microbial enzymes, however, is extremely slow degradable within the human body, which does not synthezize cellulase enzymes. It is highly biocompatible, poorly soluble in water or other common solvents, and displays a total lack of thermoplasticity. These properties can be useful or represent limitations for certain biomedical applications. Maybe its major disadvantage is its poor processability because the limited solubility generated by the strong intra and intermolecular bonds and the lack of thermoplasticity [7]. Cellulose can be used in its native chemical structure, with few products in the market, such as the microcrystalline cellulose, or chemically modified, which represents most of its based products in the market.

Several cellulose-based materials have been studied for future applications in the biomedical field. For instance, the use of cellulose nanocomposite to prepare contact lens, wound dressings, hydrogels for three-dimensional printing, bone tissue engineering and medical implants, membranes for osseointegration and hemodialysis, among others [7,8] Carboxymethyl cellulose (CMC) is the first and major cellulose derivative, already in the market because it is essential for the pharmaceutical industry, CMC and its based composites have been also described for applications in the biomedical field, including tissue engineering, wound dressing, and drug delivery [9].

An interesting application of chemically modified cellulose in the biomedical field is the use of its oxidized derivative, useful for loading and releasing cells aiming to improve tissue regeneration. The cellulose oxidized with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) reagent generates a nanofibrillar structure, which keeps the pristine biocompatibility and displays high water affinity, giving rise to high viscous dispersions at very low solid content because the carboxylic acid inserted into its structure, Figs. 1a and 1b. These carboxylic groups at the surface of the cellulose nanofibrils can easily induce their assembly into beads (insert, Fig. 1c) or fibers (Fig. 1e) when cross-linked with cationic charged counter-ions, by electrostatic interactions. These cellulose beads or fibers, when loaded with cells, are capable of keeping them alive. This data indicates its potential as cells carrier for encapsulating and releasing cells as the material is degraded inside the body [10–12]. Figs. 1c–1f show the images of the beads (Fig. 1c-insert) and the fibers (Fig. 1e) prepared from TEMPO oxidized cellulose nanofibers and calcium chloride, and their respective microscopic images showing the cells inside the beads at light field microscopy (Fig. 2c), the nuclei of the cells marked with the fluorescent marker DAPI (Fig. 1d) and the microscopic image of the fiber loaded with cells (indicated by arrows) at light field microscopy (Fig. 1f).
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Figure 1: Chemical structure of cellulose (a and its oxidized derivative (b), picture of the oxidized cellulose beads (c-insert), its corresponding light field microscopy (c; scale bar = 50 µm) and the microscopic image of the cell nuclei marked with the fluorescent marker DAPI (d; scale bar = 50 µm), picture of oxidized cellulose fibers (e), and its corresponding microscopic image showing the cells (indicated by arrows) inside the beads using light field microscopy (f; scale bar = 500 µm). (f) was reproduced with permission from [11]. Copyright © SPRINGER NATURE, 2024)
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Figure 2: Picture of the bacterial cellulose membrane in its wet state (a), the nanometric structure of the biofilm with the bacteria within the fibers (b), the purified nanofibers at two magnifications (c and d)

Pure unmodified cellulose can be found commercially in several shapes, sizes and degrees of crystallinity. Microcrystalline cellulose is a refined pulp, with the appearance of a white, free-flowing powder, which stands out as the most common and widely utilized form, particularly as an excipient in pharmaceutical formulations. It is inert and is not absorbed by gut tract, which, in large amounts can show a laxative effect. Microcrystalline cellulose acts as a compressibility enhancer, binder in wet and dry granulation processes, thickener and viscosity builder in liquid forms and free-flowing agents in solid dosage forms [13].

The commercial use of cellulose in the biomedical field lays on the pharmaceutical industry, in which its chemically modified derivatives dominate the market and are well-established because of their irreplaceable properties.

The chemical modifications of cellulose are useful to tailor its properties for specific applications. Solubility and thermoplasticity, for instance, are crucial for viscosity modification and coating, respectively, in the pharmaceutical industry, and these properties can be reached by chemical modifications of their native structure. Two main approaches are used for chemical modifications of cellulose, the chemical reaction in bulk and the surface chemical modification. In both cases, the main functional groups available for chemical reactions are the hydroxyl, namely those at C2, C3, and C6 positions of the glucose ring (Fig. 1a). The hydroxyl group at C6 is the most reactive because of the lowest steric hindrance at this position [14].

The bulk reactions lead to the deep modification of the entire fiber, changing its semicrystalline structure and morphology [15]. It is commonly used to prepare thermoplastic cellulose derivatives such as esters and ethers [16,17]. Solubility, crystallinity, and thermoplasticity depend on the degree of substitution, substituent and degree of polymerization of the reaction product [14].

Examples of cellulose ethers are methyl cellulose (MC), ethyl cellulose (EC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), hydroxypropylmethyl cellulose (HPMC), carboxymethyl cellulose (CMC) and sodium carboxymethyl cellulose (NaCMC) [18]. Their solubility, viscosity in aqueous solution, stability (against biodegradation, heat, hydrolysis and oxidation) and features of the thermoplastic film depend on their properties, mainly molecular weight and degree of substitution [13]. Ester derivatives are normally insoluble in water and are filmogenic, thus, widely used in controlled release preparations such as osmotic and enteric coated drug delivery systems [18,19].

The modification in suspension of the cellulose fibers, microfibrils, or nanocrystals results in a thin outer layer modification at its surface, keeping most of its properties and tailoring its solubility and mechanical properties [20]. Many research and reports about surface cellulose modifications and its applications have been available in the last years, however, its based products are not commercially available, indicating a demand for its use and industrial production.

Cellulose is also synthesized by animals such as tunicates and urochordates, and by microorganisms, such as fungi and bacteria [21–23], in small amounts, as a structural component.

2.2 Bacterial Cellulose

Bacterial cellulose (BC) chemical structure is exactly the same as vegetable cellulose. It is produced and secreted extracellularly by the bacteria as nanofibers. The association of the nanofiber leads to the formation of a thick protective biofilm to the microorganism in nature. Interestingly, some bacteria secrete BC in so large amounts, led it to become a food tradition in southern Asia [16] known as nata de coco, however, its report in the literature was found for the first time in 1886 [24]. Nata de coco is produced in high amounts, corresponding to the most common BC based product in the market. Bacteria from the Acetobacteraceae family, specially Gluconobacter, Gluconacetobacter, and Komagataeibacter genera [25–29]. The picture of the bacterial cellulose membrane, the nanometric structure of the biofilm with the bacteria lying within the fibers, the nanofibers purified, free of bacteria in two magnifications and can be seen in Figs. 2a–2d, respectively.

BC biocompatibility, surface compatibility, inert nature and mechanical properties [13], lead it to be studied for application in health care [6,12]. BC exhibits features similar to natural tissues [30] including high mechanical strength, hypo allergenicity, biocompatibility, liquid absorption capacity [26,31], porosity [26,32], the capability of accelerating healing while protecting against external pathogens [27,29,33]. Its biocompatibility, inert nature and mechanical properties are interesting for application in drug delivery systems [27,33,34]. BC has been widely studied for wound dressing development for the treatment of burn injuries because it can decrease the transepidermal water loss and can improve tissue regeneration [14,35]. The scheme in Fig. 3 shows the biomedical application of BC.
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Figure 3: Schematic representation of the biomedical application of BC

In the drug delivery field, BC and its derivatives show potential for topical formulation administration. Examples include antimicrobial drugs such as ceftriaxone [31,36], tetracycline [37], amoxicillin [38] and rifampicin [26]. BC based blends with chitosan [39] and chitosan-Ag [40], BC loaded with silver metal complexes with antibacterial and antitumor activities [41,42], silver nanoparticle [43–46], its derivatives [47–49], silver-montmorillonite [50], diclofenac [51], ibuprofen or lidocaine [52]. Other studies report the use of BC as a transdermal delivery system as insulin [53], and oral administration of anticancer drugs such as docetaxel, paclitaxel, and etoposide [54].

Several other applications and materials based on BC have been studied. For instance, Ciecholewska-Juśko et al. [55] developed a cross-linked BC impregnated with octenidine dihydrochloride (OCT) based antiseptic. The material displayed antibiofilm/antibacterial activity, exudate absorption, and absence of cytotoxicity. Its antimicrobial activity extended for up to 7 days, with a reduction of planktonic and biofilm cells. Huang et al. [56] have prepared scaffolds for bone repair using BC loaded with pegylated gold nanoparticles. Their experiments indicated osteogenic activity and good bone repair performance in a rabbit model of femoral defect by autophagy mechanism. A recent in vivo study in a pig model indicated the potential utility of BC as a biological implant for the circulatory system. Poly-vinyl alcohol and hyaluronic acid were used to improve the properties of BC. The results demonstrated that the material exhibited greater durability than animal tissue, good biocompatibility, apyrogenicity, low thrombogenicity, and a low hemolysis index. These findings suggest its potential application as an arterial prosthesis, heart valve prosthesis, or a patch in the pericardial sac in human reconstructive surgery [57].

The products based on BC commercially available for application in the medical field are normally membranes for wound dressing. Examples are Biofill® and Gengiflex®, used respectively for surgery and dental implants, and wound healing for burns and ulcers [58]. Membracell®, Bionext®, and Xcell® products comprise BC membranes for temporary skin substitutes. They are free of drugs and used for healing, providing a physical barrier against adverse environmental effects [59]. Several BC based wound dressings have been commercialized under the trademarks NanodermTM, Bionext, Membracell, Suprasorb, Biofill, Gengiflex and Xcell. Other products, such as EXFILL, DERMAFILL, and CUTICELL EPIGRAFT, Biocel, Bionext®, Membracel® and FibDex® have also emerged, indicating the growing of BC application in the medical field, as well as its potential for further development [60,61].

2.3 Starch

Starch is a biodegradable polysaccharide from renewable sources, stored in grains and vegetables as an energy source. Vegetables rich in starch include corn, wheat, rice, potato, and cassava. The starch chemical structure comprises functional groups of amylose and amylopectin. The chemical structure of these polysaccharides is shown in Fig. 4. It has been widely used in the pharmaceutical industry due to its physical and chemical properties. In pharmaceutical formulations, it is used as tablets and capsules, as diluent, binder, and lubricant [62,63].
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Figure 4: Chemical structure of starch composed by the natural polymers (a) amylose, linear structure with α(1,4) glycosidic bonds and (b) amylopectin, branched structure with α(1,4) and α(1,6) glycosidic bonds [64]

Thermoplastic starch (TPS) is a starch derivative produced by adding a plasticizer to starch under temperature. TPS emerged in the 1990s as a new class of bioplastics derived from renewable and biodegradable sources. It has been much investigated because it is easily modified and displays potential features for use in the packaging industry and biomedical field [65,66]. The main application of thermoplastic starch is the production of biodegradable packaging. Fig. 5 shows the biodegradation potential of thermoplastic starch produced by reactive extrusion with 30% plasticizer and analyzed through mass loss over time under exposure in simulated soil. TPS can be applied as a packaging material specific for biomedical devices and medicines, adding the character of biodegradability and renewable sources to reduce the environmental impact in this area as well [67,68].
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Figure 5: Biodegradability of thermoplastic starch on simulated soil exposition with 95% relative humidity and 35°C for nearly four weeks

Despite the advances in the development of TPS compositions, its application is often limited, in some cases, due to its low mechanical strength, high sensitivity to water, chances of its properties due to crystallization during storage, and high melting viscosity during processing. These drawbacks can be overcome by combining TPS with other polymers or incorporating particles or nanoparticles [69–71]. In short, TPS properties can be modified by addition of plasticizers, applying temperature, and shear with or without modifying agents. Its properties can be also tailored in blends, composites, and nanocomposites. TPS is used to prepare films, hydrogels, and 3D printing filaments. Fig. 6 shows the scheme for the preparation of thermoplastic starch from starch, an example of its modification and application of its derivatives products.
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Figure 6: Scheme for obtaining thermoplastic starch, its modification and examples of applications and products

TPS displays desired properties such as biocompatibility, biodegradability, low toxicity, low cost and ease of processing, which make it suitable for biomedical uses. Fig. 7 shows the most explored applications of TPS in biomedicine, including drug delivery systems, tissue engineering, wound dressing, and surgical materials.
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Figure 7: Biomedical applications and main properties of TPS

Starch-based materials can be used in the production of drug delivery systems to encapsulate and release active substances, to prepare films and gels and hydrogels to be used in the biomedical field, as well to prepare TS, which increases the starch applications range. Studies reporting the use of starch to produce hydrogels, nanocomposite films, and coatings, followed by the applications of TPS are described below.

Starch is described as one of the most biocompatible and ecologically correct polysaccharides for synthesizing advanced materials, such as pH-sensitive smart films. Nanoparticles can be incorporated into starch-based air gel, improving its properties for biomedical purposes due to its easy preparation, porous structure, high surface area, and low density [72]. Starch is also applied in tissue engineering scaffolds, biosensors, wound dressing, and other biomedical devices [73,74].

Biodegradable hydrogels are used to develop new matrices for drug delivery with plasticizers and nanoparticles. It improves the mechanical and release properties of the hydrogel for drug delivery. An example is the modification of starch with glycolic compounds and nanoparticles to improve quercetin release, reaching about 57% in 8 h [75].

Hydrogel beads based on starch and carboxymethylcellulose (CMC) nanocomposites with ZnO nanoparticles, crosslinked in solution with FeCl3, were loaded with the anticancer drug doxorubicin. The morphology and behavior of the material were studied by researchers who verified the effectiveness of drug release as a function of the concentration of nanoparticles, placing the CMC/Starch/ZnO nanocomposite beads like a new bio-compatible carrier for controlled delivery of anticancer drugs [76]. A starch-based nanocomposite hydrogel graphitized with itaconic acid in the presence of Fe3O4 nanoparticles was applied as a pH-sensitive magnetic hydrogel to release Guaifenesin, which is used in wound healing. The structure of hydrogels and drug release behavior in response to pH variation and magnetic field application were studied, providing a promising platform for drug delivery systems and enabling the administration of magnetically activated drug delivery [77].

Nanofibers based on starch can be produced by electrospin for application in skin or cartilage tissue engineering. The biodegradability, biocompatibility, and mechanical properties of biomaterials used in wound healing must be improved to promote the fixation and proliferation of the cells. Core-shell nanofibers of polyurethane/starch (PU/St) with the addition of hyaluronic acid (HA) were produced with coaxial electrospinning and characterized in terms of morphology, structure, and porosity, in addition to evaluating their biocompatibility in vitro and in vivo. The study suggests that core-shell PU/St (HA) nanofibers may be an appropriate candidate for wound healing in cutaneous tissue engineering. One of the significant challenges in the area is the healing of joint cartilage, which is a load-bearing connective tissue with a low regeneration rate and slow metabolism. Studies focus on developing fibrous structures for cartilage tissue engineering, which could potentially improve the healing process of cartilage tissue. Fibrous scaffolds of poly(hydroxybutyrate) and starch reinforced with halloysite nanotubes had their properties evaluated in vitro and proved to be promising for application in the area, but more studies are needed to fully evaluate their potential and limitations [78,79].

Films and fibers based on starch are viable materials for the production of wound dressings, primarily owing to their vapor permeability, hydrophilicity, and biocompatibility. These materials facilitate a moist environment, expediting the healing process, and can be applied and removed without causing trauma to the wound site. Nanocomposites comprising silver sulfadiazine-halloysite/cassava-loaded starch biodegradable films exhibited satisfactory mechanical properties and permeability, rendering them suitable for use as wound dressings. Furthermore, these films demonstrated antimicrobial efficacy against bacteria commonly found in hospitals, namely Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. Considering the frequent replacement of several layers of gauze and cotton in the treatment of burns and wounds using silver sulfadiazine, the starch-based nanocomposite film presents a more practical and efficient solution for this treatment [80].

The materials used to prepare wound dressings have been modernized over time, and nanofibers based on electrospinning biopolymers represent a potential solution for rapid wound healing due to their porous structure and high surface area to volume ratio. Nanofibers based on starch and thermoplastic polyurethane, prepared by electrospinning and crosslinked with glutaraldehyde, were characterized and showed better healing properties than traditional cotton-based dressings [81].

Starch hydrogels are also applied to wound dressings. Hybrid hydrogels of starch and gelatin loaded with silver nanoparticles were studied and the results indicated that the porous hydrogel acted as an organic nanoreactor for the generation and stabilization of silver nanoparticles. The process avoids the use of toxic reducing agents and acts as a stabilizing agent for silver nanoparticles. The nanocomposite hydrogel showed adequate mechanical properties, is hydrophilic, biodegradable, non-cytotoxic, and hemocompatible, being useful as a curative material for wounds [82].

Meanwhile, TPS in the form of film can be effectively applied in drug release, being produced simply via casting. Researchers described the chlorhexidine extended release up to 500 h using TPS films, which showed antimicrobial potential for inhibiting the growth of Staphylococcus aureus [83].

TPS is widely used in tissue engineering as a scaffold, providing a biocompatible and biodegradable matrix to support the adhesion and proliferation of cells. The most studied properties of starch are the porosity, mechanical resistance, and degradation rate and processing in order to determine the specific requirements in the area. TPS is also used to form blends with other polymers for application in tissue engineering. Studies are carried out to optimize the mechanical, morphological, and biological properties of scaffolds based on TPS blends with other biodegradable polymers such as polylactic acid (PLA) and polyhydroxy butyrate, for example. The advantage of TPS, when added to other polymers for the confection of scaffolds, is that it has hydroxyl groups in its structure. It has a highly hydrophilic character, which helps in the rate of biodegradation of the end product. The production of scaffolds via additive manufacture, particularly for use in 3D printers, has been highlighted because of the improved control over architecture and porosity, leading to a more precise direction of cell growth. Producing structures with high geometric control and porosity represents one of the biggest challenges in this field. Tubular structures, such as those for urethra or blood vessels repair, as an example.

TPS/PLA/PHB blend filament for 3D printing can be used to produce scaffolds that create a conducive environment for cell proliferation. These scaffolds exhibit a highly porous structure, and the modulation of scaffold swelling is achieved by manipulating the concentration and viscosity of TPS. The controlled porous modulation is advantageous because its swelling can enlarge the pore size and facilitate the migration of proliferating cells. However, it is crucial to avoid excessive water absorption to prevent any adverse impact on the mechanical properties and supportive function of the scaffold [84]. Starch can also be a polymeric matrix for the fabrication of three-dimensional scaffolds via sol-gel and 3D printing techniques. As an example, scaffolds composed of starch and gellan gum have been evaluated for their efficacy in supporting the growth of Schwann cells. These scaffolds show promise for potential applications in the creation of artificial implants intended for peripheral nerve regeneration [85].

TPS/β-tricalcium phosphate (β-TCP) nanocomposites have also been described for the preparation of scaffolds. The composites were prepared by extrusion and molded by injection, improving the tensile strength and modulus of TPS. In addition to mechanical properties, bioactivity was investigated through hydroxyapatite nucleation, and no negative effects were observed in the toxicity test. The recently reported results open the way for further studies of these nanocomposites in application as bone tissue engineering material [86].

TPS can be used in the composition of surgical sutures such as wires and implants for bone repair, improving patient outcomes. It can also be used in preparation of absorbable polymer blends as an alternative to metallic orthopedic implants for plates and screws. The advantage of replacement of the non-degradable implants is to avoid surgical procedures to remove them. Polycaprolactone (PCL) is a biodegradable polymer that could be used for such; however, its surface chemistry does not promote cell adhesion. PCL blends with other polymers, such as TPS, among others, have been shown potential applications for the preparation of biocompatible and absorbable materials for the replacement of low-load fracture fixation devices, such as maxillofacial surgery, orthopedics, and neurosurgery [87].

Surgical threads have been produced using natural biopolymers, specifically Nopal mucilage combined with starch and plasticizers. The outcome was the achievement of threads with consistent diameter, excellent elasticity, and effective capillarity [88].

Table 1 shows recent references, starting from 2020, related to the studies on starch or TPS applications in the four previously described fields. It includes the application of starch-based materials in drug-delivery systems and wound dressings, widely used in this field in the form of microparticles and nanoparticles, hydrogels and aerogels while TPS is used in the form of films and coatings, scaffolds, sutures, plates and screws.
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2.3.1 Starch Market

The use of starch is firmly established in the pharmaceutical industry, particularly in the formulation of controlled drug delivery systems. While thermoplastic starch has demonstrated significant applications in the biomedical field, including materials for tissue engineering, wound dressing, and surgical materials, the corresponding studies are relatively recent. However, it is challenging to identify these products as commercially available, despite their promising potential in various biomedical applications. Moreover, while exhibiting biocompatibility, keeping the thermoplastic starch stable at large-scale processing may represent a challenge, as well as the regulatory hurdles within the market. Also, because of concerns related to competition and the safeguarding of intellectual property, companies often share information about innovations in the technologies and functions of the devices, without providing details regarding composition innovations.

2.4 Chitosan

Chitosan (poly β (1→4)-2-amino-2-deoxy-D-glucopyranose), Fig. 8 is a polysaccharide generated by partial deacetylation of chitin, found in the shells of insects and crustaceans [89,90]. Fig. 8 shows the chemical structure of chitin (a) and chitosan (b).

[image: images]

Figure 8: Chemical structure of chitin (a) and the partially deacetylated chitosan (b)

Chitosan is the only polycationic polysaccharide directly derived from a natural source. Its polycationic nature results from predominantly positively charged amino groups at pH values below 6.5 [91]. It is biocompatible, biodegradable, non-toxic and displays antimicrobial activity, triggering the interest for its application in the biomedical field.

The antimicrobial properties of chitosan add value to its use as wound dressing, surpassing the function of traditional dressings that only provide a protective barrier function to the wounded area. Chitosan-based wound dressing can be prepared as films or hydrogels. The films are thin, flexible and low obtrusive, increasing the patient acceptance [92]. Hydrogels are formed by a three-dimensional network capable of absorbing and keeping water, and displays good plasticity and elasticity. The hydrogels can provide a moist environment for wound healing, absorbing wound exudate and are easily removable without secondary trauma [93].

In order to enhance chitosan antimicrobial activity, antibiotics have been successfully encapsulated into its based hydrogels or nanocomposites designed for wound dressing [94–96]. For instance, amoxicillin was incorporated in a composite material based on N-carboxyethyl chitosan and oxidized hyaluronic acid-graft-aniline tetramer polymer, which avoided the wound infection [97]. Nanocomposites based on chitosan, polyethylene oxide nanofibers, silver and zinc oxide nanoparticles exhibited high antioxidant effect and antibacterial activity against Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa [98]. The all-natural, injectable, self-healing hydrogel dressing composed of hydroxypropyltrimethyl ammonium chloride chitosan and dialdehyde modified bacterial cellulose displayed increased antibacterial properties without incorporation of antibiotics [99].

Chitosan derivatives loaded with antiseptic are also described in the literature, for instance, the polyvinyl alcohol chitosan-based wound dressing. Two distinct formulations were prepared and the dressings were loaded with chlorhexidine and polyhexanide. The application of these dressings in the treatment of wounds in a dog led to faster recovery than conventional treatment, suggesting that the material can be a promising alternative for wound care [100].

A cross-linked hydrogel comprising carboxymethyl chitosan, oxidized dextran, and poly-γ-glutamic acid can be utilized as an antimicrobial and hemostatic agent for diffuse wounds. In the hydrogel, poly-γ-glutamic acid effectively removed the surface moisture of the wound to enhance the surface adhesion. In vivo studies showed that the hydrogel significantly inhibited bacterial growth and promoted wound healing [101].

Chitosan-based materials have been extensively studied for drug delivery. Chitosan limitations such as the low solubility in physiological fluids, poor affinity for hydrophobic drugs, and the burst release attributed to its high swelling ratio [102,103], can be overcome by chemical modifications or by the preparation of vesicular or nanoparticles systems, widening its applications in this field.

Chitosan-based formulations with antitumor activity particularly interesting, given the worldwide cancer contribution to premature mortality [104–106] the antitumor activity of zero-valent selenium nanoparticles stabilized by chitosan and oligosaccharides [107]. Also, iron oxide nanoparticles coated with chitosan-[2-(methacryloyloxy) ethyl] trimethyl ammonium chloride can be used as a carrier for the hydrophobic antitumor drug paclitaxel. Boronated chitosan/alginate nanoparticles can be used as a mucoadhesive system for the delivery of paclitaxel for cervical cancer treatment [108,109].

The injectable hydrogel based on chitosan grafted to polyurethane side chains, can be used to encapsulate and release antibacterial tetracycline hydrochloride and anti-cancerous doxorubicin hydrochloride. The pH-responsive lignin/ chitosan nanoparticles loaded with docetaxel and curcumin showed efficient release of antitumoral drugs at weakly acidic environment stimulated by the tumor [102].

There are also many formulations for drug delivery of antibiotics developed with the aim of improving their efficiency and overcoming bacterial resistance [110]. In this context, ciprofloxacin loaded with polydopamine nanoparticles combined with glycol-chitosan was developed to create an injectable near-infrared light-triggerable thermo-sensitive hydrogel. This hydrogel was designed to enable on-demand release of antibiotics and hyperthermia-assisted bacterial inactivation, aiming to address bacterial infections and facilitate wound healing [111,112]. A controlled release system for the delivery of the contraception drug levonorgestrel was also developed. The drug was encapsulated into cross-linked chitosan microspheres, which were incorporated into a matrix of physically cross-linked PVA, achieving a long-term and controlled release system [113].

The large number of patents on chitosan-based materials for the controlled release of drugs highlights the concentrated efforts directed towards entering the pharmaceutical market [114–117]. However, besides its promising properties for medical and healthcare applications, few commercial products including chitosan or its derivatives are available. Wound dressings, nasal sprays or gels and hemostatic represent the most important types of its based commercial products. Wound dressing stands out considering the number of products that have already managed to pass the tests required to be accepted for use in humans and are commercially available, for instance, HemCon® (HemCon Medical Technologies, Inc., Portland, Oregon, USA), Opticell® (Medline Industries LP, IL, USA), QuikClot® (Z-Medica Corporation, Wallingford, Wayne, USA), Axiostat® (Axio Biosolutions Pvt Ltd, Ahmedabad, India), ChitoDerm® (Trusetal Verbandstoffwerk GmbH, Holte-Stukenbrock, Germany) and CELOX™ (SAM Medical, Tualatin, Tel Aviv, Israel) [118,119]. Chitosan can bind to the negatively charged surface of red blood cells promoting clotting, which explains its use for external control of hemorrhage.

2.5 Poly(Lactic Acid)

Lactic acid, (2-hydroxypropionic acid), is the monomer used as the precursor for the synthesis of PLA. Lactic acid is an organic acid, widely used in the food, pharmaceutical, cosmetic, textile, leather and chemical industries [120]. It is one of the simplest chiral molecules, found in the form of two stereoisomers, L- or D-lactic acid, differentiated by the effect of polarized light [121]. It can be produced by chemical synthesis or microbial fermentation.

The chemical synthesis of lactic acid is mainly based on the hydrolysis of lactonitrile, a petrochemical derivative, by the action of strong acids, which provides the racemic mixture of D- and L-lactic acid [122].

The production of lactic acid by biotechnological processes can be performed by bacteria, such as those from the genus Lactobacillus [123]. When synthesized by live organisms, the biological route leads preferentially to L-lactic acid. The interest in fermentative lactic acid production has increased because the prospects related to the production of the lactic acid-based polymer, PLA, which is fully biodegradable in nature, thus representing a great environmental appeal. The main advantages of synthesis by fermentation over chemical synthesis, are (i) the low environmental impact process and high yield, and (ii) the use of renewable resources raw materials, such as starch, cellulose, sugar cane, among others, as nutrient source for the microorganisms [124].

PLA is an aliphatic polyester, as shown in Fig. 9, with the chemical formula (C3H4O2)n. It has two stereoisomers: poly(L-lactic acid), (PLLA) and poly(D-lactic acid), (PDLA). The racemic mixture generates poly(D,L-lactic acid) (PDLLA) [125]. PDLA and PLLA are mirror images of each other, both optically pure and semi-crystalline [126], while PDLLA is racemic, amorphous and optically inactive [127].
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Figure 9: Chemical structure of poly(lactic acid)

The synthesis of PLA can occur by several chemical routes including polycondensation, direct polymerization or ring-opening polymerization. The most commonly used routes for the production of PLA are polycondensation and ring-opening polymerization [128]. The polycondensation process is carried out in vacuum, under high temperature and with the use of solvents for the extraction of water produced by the condensation reaction. Ring-opening polymerization starts with the cyclic lactic acid dimer, the lactide, in the presence of a catalyst. This process generates a low molecular weight polymer. As any other synthetic route, the conditions such as time, temperature and catalyst concentration can be controlled aiming to change the proportions and sequences of D- and L-lactic units in the polymer Fig. 10 [129,130]. Polycondensation of lactic acid results in a low molecular weight polymer, while ring-opening polymerization leads to the formation of higher molecular weight polymers.
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Figure 10: Synthesis routes of PLA

Due to its mechanical properties, thermoplastic processability and biological properties, such as biocompatibility and hydrolytic biodegradation, PLA is a promising polymer [131] for replacement of conventional polymers in everyday use, and for biological applications. The properties of PLA depend on the isomeric components resulting from the chirality of lactic acid, where the two asymmetric centers exist in four different forms. These properties can be modified by varying the isomers (L (+)/D (−)) and the homo (D (−), L (+)), the processing temperature, the annealing time and the molecular mass [132]. PLA can be amorphous or crystalline depending on the stereochemistry and its thermal history. Fully amorphous material can be synthesized by the relative increase of the D isomer (>20%), whereas crystalline material is obtained when the amount of D is <2%. This polymer is relatively rigid with glass transition temperature between 60°C–70°C and melting temperature between 170°C–180°C [131].

Polyesters, including PLA, can be hydrolytically degradable. Hydrolysis of PLA breaks its ester bonds, generating carboxyl and hydroxyl end groups as depicted in Fig. 11 [133]. In living organisms, the lactic acid generated by PLA degradation is incorporated into the citric acid cycle, resulting, at the end of the metabolic process, in by-products such as carbon dioxide and water [134]. Degradation rates are determined by factors such as implant site, molar mass, stereochemical composition, crystallinity and morphology [135].
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Figure 11: Scheme of the hydrolytic degradation of PLA

PLA is a promising polymer, however, certain properties including poor ductility, slow degradation rate and high hydrophobicity limit its applications. Others, such as biocompatibility and non-toxic degradation products, make it an attractive option for the biomedical industry. It finds uses as a surgical implant material, drug delivery system and as porous support for cell and tissues growth, particularly in the field of regenerative medicine [136].

PLA can be associated with other biomaterials aiming to improve its properties and increase its range of applications. It has been applied in bioprinting, for the preparation of scaffolds for tissue repair of meniscus, for guiding bone regeneration, for regeneration of peripheral nerve and spinal cord injuries, for the production of bioabsorbable screws, cardiac stents, suture threads, dermal fillers, hernia mesh and drug delivery, among others [137–140].

Although research covers a wide range of applications, there are currently not many PLA biomaterials on the market. However, in addition to the products currently available on the market, because it has the versatility to be mixed or copolymerized with other polymeric or non-polymeric components, the future of PLA in the biomedical field is focused on the production of implants, especially in the development of additive manufacturing (AM) devices [141–143]. Table 2 describes the biomaterials used in the medical field, as well as their applications and trade names.
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3  Conclusion

The described polymers are widely studied because of their potential for the development of advanced materials based on new technologies and new requirements in health care. New diseases require new treatments and new materials, and classical diseases require new technologies and new options of treatments. Cellulose and its derivatives are widely used in the pharmaceutical industry for drug delivery and coatings. Even though its use is well consolidated, the research is growing because of the versatility of this material including its properties in natura and the properties of its derivatives.

Starch is also used in the pharmaceutical industry, mainly for drug delivery. In its native form, starch has long been used due to its availability and properties. The use of thermoplastic starch broadens the range of applications of starch because it can be shaped into films, gels, aerogels, fibers, and can also be employed in the preparation of blends and composites. Several scientific studies investigate the application of these materials as biomedical products for tissue engineering, wound dressing, and surgical material. However, its industrial production is limited, and advancements are needed to scale up the processes.

There are few chitosan-based products on the market. The number of researches on this topic is increasing, primarily because of its antimicrobial properties and low solubility in water.

PLA is biodegradable and displays good properties for processing. It can be processed as other thermoplastic materials, which is interesting for the industry and has been increasing the range of available products in the market, particularly in the biomedical field.

The large number of published patents concerning products for biomedical applications including these, and other polymers and their derivatives, indicates the interest in developing products with potential to reach the market. It is crucial to acknowledge, however, that the transition from research and development to the commercialization of new medical products is a time-consuming process that can span several years. Not all research findings necessarily culminate in successful market products, as the feasibility and safety of these products require rigorous evaluation and clinical testing before introduction to the market.

The future perspectives are strictly linked to the rapid advances in the scale up and manufacture of these polymers, including the additive manufacture technology, increasing the potential application of TPS, PLA and other biocompatible polymers. Innovations in processing hold the promise of producing customized multifunctional devices to meet the growing healthcare needs of an expanding population.
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Table 1: Some recent advances in thermoplastic starch applications in the biomedical field
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Table 2: Products, brands and biomedical applications of PLA biomaterials

Product

Brands and references
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Drug delivery devices

MONOCRYL® [144]
Covidien V-Loc™ [145]
Medtronic [146]
Fantom® [147]

Material for 3D modeling and printing NatureWorks-PLA Ingeo™ [148]

Grafts and meshes for tissue repair

Bone fixation plates and screws

Cranial implants

TephaFLEX® [149]

GORE® BIO-A® [150]
Stryker-SonicFusion/SonicPin® [151]
Sonic Weld Rx® [152]

Rx® Cranial Fixation System [153]

Surgical materials

Drug delivery systems

Bioprinting

Tissue engineering
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